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-activated K ϩ channels, naling properties of individual neurons and enable them and a ␤ subunit of voltage-activated K ϩ channels (Wu to be wired into complex computational circuits that and Ganetzky, 1992). The Drosophila clones enabled ultimately dictate behavior will be major goals for the isolation of homologous genes from other species, innext decade.
cluding humans. Although scanning genome databases We have analyzed the completed Drosophila genome is clearly a more efficient way than mutant isolation to The Ion Channel Superfamily genes, while the human genome is likely to surpass For simplicity, our analysis of ion channel genes in the 80,000 protein-coding genes. Here, we present an initial Drosophila genome follows the traditional distinction evaluation and characterization of the molecular mabetween voltage-gated and ligand-gated channels. Howchinery that drives three strikingly different nervous sysever, it should be noted that this distinction is not always tems, with distinct morphologies and levels of complexa clean one. For example, TRP-related channels, cyclic ity: the simple nervous system of worms with 302 nucleotide-gated channels, and small-conductance calneurons, the more complex Drosophila nervous system cium-activated K ϩ channels are similar to voltage-gated with ‫000,052ف‬ neurons, and the substantially more elabion channels in sequence and membrane topology, but orate human brain with an estimated 10 12 neurons. Dethey function more like ligand-gated channels. Both catspite the huge differences in complexity, comparison of egories of ion channels are well represented in the Drogenes encoding ion channels and synapse assembly sophila genome ( 
Nicotinic Acetylcholine Receptors
The nicotinic acetylcholine (nACh) receptors compose phering the diverse roles of the TWIK superfamily in neuronal signaling will be a major challenge in the comthe other ligand-gated superfamily that mediates fast excitatory synaptic transmission in mammals. Subunit ing years. Additional Voltage-Gated Channels composition of these pentameric channels varies between muscle and brain. In neurons, most nACh recepCl Ϫ channels are involved in volume homeostatsis and membrane excitability. Ten Cl Ϫ channels have been detors contain two ␣ subunits and three ␤ subunits. In mammals, nine ␣ subunits and three ␤ subunits have fined in mammals, each containing 12 transmembrane segments. Drosophila encodes three voltage-gated Cl Ϫ been identified. In contrast, muscle nACh receptors contain two ␣ subunits and three additional subunits from channels, while C. elegans has six.
Cyclic nucleotide-gated cation channels (CNGs) are the ␤, ␥, ␦, and ⑀ subfamilies. The subfamilies of muscle and brain nACh subunits are structurally similar and important in sensory transduction in the visual, olfactory, and gustatory systems. Functional channels conshare 30%-50% amino acid similarity. There are 10 identifiable nACh receptor genes in flies and 45 in worms. tain structurally similar ␣ and ␤ subunits coassembled into tetramers. Drosophila contains four members of Three of the Drosophila nACh receptors are most closely related to mammalian ␣7 subunits, the predominantly this family and C. elegans has six. In C. elegans, CNG mutants (tax 2 and tax 4) are defective in thermosensaexpressed bungarotoxin-sensitive ␣ subunits in brain. In contrast, the seven remaining fly nACh receptors are tion, chemosensation, and sensory axon guidance, suggesting diverse functional roles for this family. The family more closely related to each other than to known mammalian ␣ or ␤ subunits (Figure 3 ). Unlike Drosophila, C. of hyperpolarization-activated cyclic nucleotide-gated channels present in mammalian brain and heart also elegans and mammals use acetylcholine as the excitatory neurotransmitter at NMJs. Levamisole-resistant contains a cyclic nucleotide binding domain. These channels form the I h current involved in neuronal pacemutants in C. elegans include defects in the nACh receptor gene, unc-38. The fact that synaptic transmission at maker activity and establishing resting membrane potential. A single hyperpolarization-activated channel NMJs in flies is glutaminergic rather than cholinergic probably accounts for the lack of similar mutants in gene is present in flies. Surprisingly, C. elegans lacks a member of this family.
Drosophila as well as their lack of ␣1 nACh receptor homologs.
Ligand-Gated Excitatory Glutamate Receptors
The ionotropic glutamate receptor family mediates most GABA A /Glycine Receptors GABA A and glycine receptors mediate inhibitory chloride forms of excitatory synaptic transmission in the mammalian CNS. These channels also are required for synapcurrents and are key components of synaptic inhibition in the mammalian CNS. Mammalian glycine receptors tic plasticity and learning. Glutamate receptors have been divided into AMPA, kainate, and NMDA subtypes consist of three ␣ subunits and two ␤ subunits. Three distinct ␣ subunits and one ␤ subunit, sharing 30%-40% based on differences in agonist response. NMDA receptors require both membrane depolarization and glutaamino acid similarity, have been identified in mammals. it appears that although rapsyn-nACh receptor interacparts to either. The metabotropic glutamate receptor/ tions are conserved, the signaling pathways that acti-HOMER complex in mammals is linked via members of vate this clustering system are somewhat divergent. At the SHANK protein family to PSD-95 and cortactin. This inhibitory synapses, gephyrin has been shown to anchor protein family contains a conserved motif structure that GABA A and glycine receptors at postsynaptic sites. Sinincludes ankryin repeats at the N termini and SH3 and gle gephryin homologs can be found in both the Dro-PDZ domains at the C termini. Drosophila and C. elegans sophila and C. elegans genomes. both encode SHANK homologs. Spinophilin, another mammalian PDZ-containing protein, is required for synConclusions aptic targeting of protein phosphatase I, which is in-
The most obvious conclusion from this survey is that volved in ion channel regulation. Homologs of spinophilin are present in worms and flies.
neuronal signaling proteins, for the most part, have been highly conserved throughout evolution. Despite the draneuronal signaling proteins opens up a new era in which matic differences in complexity and organization of nerneurobiologists can work back from the complete gene vous systems and behavioral outputs in worms, flies, set toward an understanding of how they function to and mammals, the key proteins, and presumably the produce behavior. functional mechanisms they govern, are remarkably similar. Apparently, the basic framework for neuronal
